Sodalis glossinidius is known exclusively in endosymbiosis with tsetse flies (Genus: Glossina) and is one of the few insect bacterial symbionts that have been successfully cultured in vitro. This study details improved isolation and solid culture protocols that allow for a standardised and rapid preparation/maintenance of clonal material from individual flies. The isolation and culture of S. glossinidius was confirmed by partial sequencing of the 16S rDNA gene and specific PCR. In addition, the growth dynamics and changes in cell viability during liquid culture are described. The potential for culture of other endosymbiont taxa is discussed.
Introduction
Many insect taxa host endosymbiotic bacteria with a variety of roles in symbiosis. These bacteria may be essential to the fitness and reproductively of their host or they may have a more subtle influence [1] . Many insects from diverse taxonomic groups that live on restricted diets are dependent on ''primary'' nutritional symbionts which biosynthesise vital nutritional components that are absent from the insectsÕ diet, e.g., vitamins or amino acids. In contrast to the obligatory nature of nutritional symbioses, bacterial ÔsecondaryÕ symbionts are not ubiquitous in insect populations [2] [3] [4] and are therefore considered facultative and non-essential to the host.
The tsetse fly (Genus: Glossina) has three different bacterial symbionts. The first, Wigglesworthia glossinidia is the ÔprimaryÕ nutritional symbiont of the tsetse, synthesising B vitamins [5, 6] which are absent in the flyÕs diet of blood. The second, Wolbachia spp. [7] , is a rickettsia-like bacterium that infects a broad range of insect species causing a variety of reproductive abnormalities, however its role in tsetse populations is unclear. The third, the secondary symbiont Sodalis glossinidius, is predominantly found in the cytoplasm of the cells and lumen of the midgut [8] . It demonstrates a broad tissue tropism having been detected in salivary glands and haemolymph [5] and is thought to be vertically transmitted to progeny through the milk glands of the mother [8] . The precise symbiotic role that S. glossinidius plays within the tsetse fly is unclear, but is estimated to be present in only 10-20% of tsetse populations in the wild and this labile relationship indicates 0378 that the symbiosis [7, 9, 10 ] is facultative and not obligatory for the fitness of the host.
S. glossinidius was the first and remains one of the few intracellular insect endosymbionts to be cultivated in vitro [11] . Initially culture was achieved through the aspiration of haemolymph (containing symbionts) from surface-sterilised tsetse and subsequent inoculation into a C6/36 Aedes albopictus cell culture [11] . Bacteria were observed invading insect cells and dividing in the host cytoplasm 48 h post-inoculum. The host cells usually rupture after 10 days due to the quantity of intracellular bacteria infecting the cell. The released bacteria could then be successfully sub-cultured through subsequent rounds of infection in insect cells or axenically cultured in insect culture media [12, 13] . The use of axenic methods allowed classification of the new genus of S. glossinidius [12] and a description of its growth conditions and characteristics. A method of solid phase culture in a microaerophilic atmosphere has been described for S. glossinidius [12] but the practicality of mixing gases to generate the microaerophilic environment has meant that this method has not been widely adopted. Bacterial isolates from tsetse are prone to contamination by foreign microorganisms which rapidly out-compete the symbionts and insect cells. The absence of an easy and reliable solid phase culture methodology has precluded the isolation of clonal S. glossinidius populations. Despite the development of sophisticated molecular techniques to study the diversity and function of symbiotic microorganisms such as S. glossinidius, research progress is promoted when a microbial taxon is brought into axenic culture and becomes amenable to a range of techniques hitherto precluded.
This study describes improved culture methods for S. glossinidius involving standardisation of isolation procedures and the development of robust laboratory protocols for selection and maintenance of clonal bacterial strains. It also extends the description of S. glossinidius to the kinetics of its growth, and the first PCR diagnostics for S. glossinidius using a chromosomal housekeeping gene.
Methodology

Insect material
The tsetse fly species Glossina palpalis palpalis (Robineau-Desvoidy), G. fuscipes fuscipes (Newstead) and G. austeni (Newstead) were acquired as pupae from cultures held at the International Atomic Energy Agency, Austria and reared until eclosion at the Centre for Tropical Veterinary Medicine (CTVM), University of Edinburgh, UK. Glossina morsitans morsitans (Westwood) were taken from the ÔLangfordÕ derived long-term colony maintained at the CTVM [14] .
Bacteria culture, media and strains
Three clonal strains of Sodalis glossinidius were isolated from each of the four species of tsetse fly. Each strain was established from individual surface sterilised adult flies, by collecting $2 ll of haemolymph (insect blood) in microcapillary tubes and transferring it to a sterile 1.5 ml eppendorf containing 1 ml of liquid Mitsuhashi and Maramorosch insect (MMI) medium [15] (plus 20% foetal bovine serum (FBS) Invitrogen, Glasgow, UK). This was incubated without shaking at 26.5°C for 24 h prior to plating 250 ll of culture on to 10% packed horse blood MMI agar (1% agar) medium. MMI solid medium was prepared by autoclaving MMI (without yeastolate, component of MMI) with low melting point agar (Sigma-Aldridge, Gillingham, UK), cooled to 50°C in a water bath. Packed horse blood (Oxoid, Basingstoke, UK) and yeastolate (Invitrogen, Glasgow, UK) were then added prior to pouring the plates in a laminar flow cabinet. All solid culture was carried out in a microaerobic atmosphere generated using the Campygen pack system (Oxoid, Basingstoke, UK) which provided 5% O 2 , balanced with CO 2 at 26.5°C. Individual colonies were picked from the plates and streaked on plates for single colonies. Individual colonies from each clone were taken from these plates and grown in tightly sealed cell culture flasks (closed cap, 25 cm 2 , Nunclone D (SLS, Coatbridge, UK)) containing 10 ml MMI (20% FBS) liquid media at 26.5°C laid horizontally without shaking. All subsequent liquid culture was carried out according to this method. These stock strains were grown to an OD of $0.4 (measured at a wavelength of 600 nm) and 5 ml was taken for glycerol stocks (1:1 ratio of 15% glycerol:bacterial culture stored at À80°C). Three clones were established from different individual flies from each of the four tsetse species giving a total of 12 bacterial clones. Clonal strains were then maintained on MMI blood plates.
All clones were tested for symbiotic infective phenotypes by routine growth in A. albopictus C6/36 cell cultures (European Collection of Cell Cultures (ECACC) Reference: 89051705) [16] . The bacteria were plated for bacterial lawn growth by spreading 250 ll of a three day old liquid culture on MMI blood plates. Subsequent experiments used one clone from each fly species.
Bacterial cell enumeration
Bacteria were cultured in liquid MMI (20% FBS) for three days. The optical density (OD) of the culture was measured at 600 nm and serial dilutions were made in phosphate buffer solution (PBS) pH 7.5. The number of viable cells ml À1 of culture was established using the Miles Misra technique [17] .
Bacterial growth curves and cell viability
Single colonies of each S. glossinidius strain were picked from stock plates and inoculated into liquid MMI (20% FBS). Cultures were grown to an OD of approximately 0.4 and 100 ll of the culture used as inoculum. Each strain was grown in triplicate in 10 ml liquid MMI (20% FBS) and OD measurements (600 nm) taken daily. The number of viable cells ml À1 of culture over the time of the culture was established using the Miles and Misra technique and the LIVE/DEAD Ò Bac Lighte kit (Invitrogen, UK). S. glossinidius standard curves and samples were analysed following the manufacturerÕs instructions for the Fluorimeter and samples were viewed with an epifluorescence microscope (Leitz, Dialux 20) . Logistical regression analysis was performed on log 10 OD data using Minitab v14. Data derived before 48 h of incubation (relating to the lag period) was excluded to linearise the data.
PCR assays and sequencing
For PCR-based detection and identification of S. glossinidius, total DNA was extracted from either 1 ml of MMI bacterial culture on day three of incubation, or whole single tsetse flies using a DNeasy Ò Tissue Kit (Qiagen, UK) following the manufacturerÕs protocol for ''gram negative bacteria'' or ''insect'', respectively, and used as template for amplification of gene fragments.
16s rDNA gene universal primers for c-proteobacteria 16SA1 and 16SB1 [18] were used to confirm the identity of isolated S. glossinidius by sequencing. The specific primers for detection of S. glossinidius using the GroEL gene were SODGroELf 5 0 -CCA AAG CTA TCG CTC AGG TAG G-3 0 and SODGroELr 5 0 -TTC TTT GCC CAC TTT CGC CAT A-3 0 . The specificity of the S. glossinidius GroEL primers was confirmed by sequencing PCR products derived from tsetse DNA and testing them for mis-priming against the related bacterial species Escherichia coli, Klebsiella pneumoniae and Pseudomonas auruginosa.
A standard PCR reagent mix was used for all PCR which comprised 1· PCR buffer (Invitrogen, UK), 2 mM MgCl 2 (Invitrogen, UK), 0.24 mM dNTPs (Promega, UK), 20 lM each primer (Qiagen, UK) and 1 U Platinum Ò Taq polymerase (Invitrogen, UK). Reaction conditions were 30 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 2 min, but with the denaturing step extended to 3 min for the first cycle, and extension time increased to 5 min for the last cycle. PCR conditions for amplification of SODGroELf/r used an annealing temperature of 58°C for 1 min. PCR products were cleaned of primer and dNTP contamination with a QIAquick Ò PCR purification kit (Qiagen, UK), prior to ligation into a TOPO TA Cloning Ò Kit (with pCR Ò 2.1-TOPO Ò vector) and transformed into E. coli strain One Shot Ò TOP10 (Invitrogen, UK) according to the manufacturerÕs instructions. Plasmid DNA was purified using a QIAprep Ò miniprep kit (Qiagen) according to the manufacturerÕs instructions, and three clones were sequenced (GATC, UK) in both directions for all PCR products. Consensus sequences for the 16s rDNA gene universal analysis were submitted to National Center for Biotechnology Information (NCBI) GenBank under the accession numbers AY861701, AY861702, AY861703 and AY861704.
Results
Sodalis glossinidius phenotype
Growth of S. glossinidius on MMI blood agar plates was achieved from all tsetse sources with the improved culture protocol. The plating of 2 ll insect haemolymph (in 250 ll of MMI) gave between 5 and 20 colonies per plate and was successful for all tsetse species included in the study. Three isolates from each fly species were cloned by the standard bacterial practice of picking single colonies and streaking for clones (Fig. 1) . The colonies on MMI blood plates were visible within 3 days of plating and were >1 mm diameter by day four. Individual colonies up to ten days old were 1-2 mm in diameter and were smooth, round and shiny [12] . Colonies older than 10 days became flattened and dull with a distinctive irregular and undulating edge. This second colony form gave rise to the first morphology when streaked onto fresh media. The clonal isolates from the different fly species were designated GP-SG from G. p. palpalis, GM-SG from G. m. morsitans, GA-SG from G. austeni and GF-SG from G. f. fuscipes. A superscript was used to distinguish between clones isolated from the same tsetse species (e.g., GP-SG 2 ). All bacterial isolates infected C6/36 cells and grew well as lawns on MMI blood agar.
Growth kinetics of S. glossinidius
Growth curves were established for one S. glossinidius clone from each of the four tsetse isolates; GM-SG 1 , GA-SG 1 , GP-SG 1 and GF-SG 1 (Fig. 2) . The lag phase of growth lasted for a mean of 30 h, exponential phase for a mean of 72 h and stationary phase occurred after six days growth. The doubling time of S. glossinidius cultures was 26 h.
The OD values of a serially diluted log phase culture of S. glossinidius, when compared to the number of viable bacteria in the dilutions, showed a positive relationship (Fig. 3) . Regression analysis of the number of viable cells ml À1 of bacterial culture showed a significant correlation (p < 0.001, R 2 = 86.8%) to the OD (at 600 nm) of the culture. Logistical regression analysis of the growth curves showed significant differences in the OD intercepts (df 1; p < 0.01), in OD over time (df 1; p < 0.01), and between isolate OD (df 3; p < 0.01), but no significant difference was found between the growth rates of the four isolates (df 3; p = 0.9).
Viable cell counts over a period of ten days, measured in parallel to S. glossinidius culture OD, showed that three days after inoculation cultures had reached midlog phase of growth (with an OD of 0.5) and the number of viable cells peaked at 3.6 · 10 8 cells ml À1 . By day six the cultures entered stationary phase and the number of viable bacteria started to decline until on day ten there were only 1.6 · 10 7 viable cells ml À1 . BacLighte analysis revealed that >99 % of cells at day 5 were healthy, but by day ten this had dropped to $90% of cells. However, two month old cultures of S. glossinidius had healthy cell populations of $55%. These healthy, stationary phase bacteria were typically less than a micron in length, whereas log phase cells had a size range of 2-10 lm.
3.3. 16S rDNA sequence of S. glossinidius PCR using the c-proteobacteria universal 16S rDNA gene primers resulted in the amplification of 1506 bp products from the S. glossinidius clones GA-SG 1 , GP-SG 1 , GF-SG 1 and a product of 1507 bp from isolate GM-SG 1 . BLAST server analyses [19] (NCBI nonredundant database blastn server) showed >99% identity to the published S. glossinidius 16S rDNA sequences with single nucleotide differences to the NCBI submitted sequences from GA-SG and GP-SG isolates (U64869 and U64867, respectively). The amplified GF-SG isolate product differed by two single nucleotide variations from the published 16S rDNA gene sequence (U64868) while comparisons between the corresponding GM-SG sequence (AF548135) showed six single nucleotide inconsistencies comprising three substitutions and three deletions.
Sodalis glossinidius detection by PCR using SODGroEL primers
PCR using the SODGroEL primers consistently yielded single products of the expected length 95 bp (Fig. 4.) . Specific PCR using the primer pairs confirmed that all 12 clones derived from the MMI blood plates were S. glossinidius (data not shown). The bacterium was detected by PCR in both whole fly and bacterial culture DNA templates from the different tsetse species. The specificity of these primers for use on tsetse material was verified by sequencing products amplified from tsetse DNA templates; in all cases the sequences obtained were identical to the S. glossinidius genes present in the GenBank database (NCBI non-redundant database blastn server). No false positives were observed when these primers were used on closely related bacterial species (Fig. 4. ).
Discussion
Symbiotic bacteria in insects often have an intimate relationship with their hosts, and are therefore not generally considered amenable to in vitro cultivation. However, it is clear that the secondary symbionts of insects are capable of growing in experimental insect cell systems [11, 20] . It may well be the case that liquid and solid phase axenic culture is an unrealistic goal for some insect symbiotic bacteria which may require a complex cellular environment that cannot be easily replicated in vitro. However, in systems where the bacteria are amenable to cultivation in cells, this provides an excellent opportunity to test the practicalities of axenic culture.
The original protocol for the isolation of S. glossinidius from tsetse flies required haemolymph from 20 flies [11] ; using the methods detailed here it is possible to isolate a strain of the bacterium from a single fly without the need for time consuming and expensive insect cell culture. The improvements described in this paper to the speed, reproducibility and simplicity of S. glossinidius isolation and culture are important because they: (1) bypass the need for cell culture; (2) allow for easy selection of clonal bacteria strains and (3) expand the number of bacterial techniques available for research.
The combination of the microaerophilic Campygene pack system with MMI blood plates decreased the time taken for colonies to reach >1 mm by two days compared to Dale and Maudlin [12] and allowed for easy standardisation of optimal growth conditions. The strong growth of S. glossinidius on solid media (Fig. 1) removes the need for isolation via insect cells prior to axenic liquid culture. This shortens the time needed to isolate S. glossinidius by seven days compared to the original protocol. The rapid isolation reduces the number of bacterial generations; passages between the insect and cloned isolates ensure that the experimental material is as close to the native symbiosis as possible.
The growth curve of S. glossinidius follows a standard pattern of lag phase, exponential phase and stationary phase although each of these is extended over a period of days due to the slow growth rate of the bacteria (Fig. 2. ). This is exemplified by comparing the doubling time of a culture of S. glossinidius, 26 h, with that of a fast-growing bacteria such as E. coli, 20 min. There is no evidence that S. glossinidius from different tsetse species differ in their growth dynamics (Fig. 2.) suggesting that these bacteria have the same phenotype in vitro. The similarities in both the 16S genotypes and culture phenotypes could be taken as evidence that S. glossinidius from different hosts show a high degree of genetic uniformity.
S. glossinidius liquid log phase culture OD and viable cell numbers allowed the estimation of bacterial numbers in culture. The decrease in the number of viable cells in stationary phase culture may be explained by the transition of the cells into a viable but non-culturable form (VNCF). This physiological state has been reported in several enterobacteria, such as Campylobacter jejuni, E. coli and Vibrio cholerae [21, 22] . These bacteria commonly enter this state when under environmental stress, such as starvation in the stationary phase. The presence of VNCF S. glossinidius was supported by the BacLighte viability analysis that showed stationary phase cultures had large populations of small healthy cells even two months after inoculation.
The methods detailed in this study allow for improvements in the culture and isolation of S. glossinidius, as well as providing more detailed information about the growth characteristics of this bacterium. This work lays the foundation for generation of clonal symbiont strains by making S. glossinidius more amenable to molecular and genetic techniques that require the selection and maintenance of true bacterial clones. The methodologies outlined here convert this difficult to culture and highly specific symbiont into a bacterium as accessible to research as E. coli. It may be that other medically and agriculturally important symbionts are more amenable to in vitro culture than previously envisaged.
